We show that large ( 100 GeV) mass splittings between the charged Higgs boson (H ± ) and the neutral Higgs bosons (H 0 and A 0 ) are possible in the Minimal Supersymmetric Standard Model (MSSM). Such splittings occur when the µ parameter is considerably larger than the common SUSY scale, M SU SY , and have significant consequences for MSSM Higgs searches at future colliders.
Introduction
The Minimal Supersymmetric Standard Model (MSSM) [1] is currently the leading candidate for physics beyond the Standard Model (SM). At the tree-level the Higgs sector of the MSSM takes the form of a two Higgs doublet model (2HDM), where the coefficients of the quartic scalar terms are functions of the electroweak gauge couplings [2] . Five physical Higgs bosons are predicted: a charged pair (H + ,H − ), two CP-even scalars (h 0 ,H 0 ), and a CP-odd A 0 . In the tree-level approximation the lightest Higgs h 0 satisfies M h 0 ≤ M Z , while M H ± ≈ M H 0 ≈ M A 0 for M H ± 200 GeV. Only two parameters are needed to fully parametrize the tree-level potential, and these are usually taken to be tan β (= v 2 /v 1 , where v i is the vacuum expectation value of a Higgs doublet) and one of M H ± , M A 0 . At the 1-loop level the coefficients in the Higgs potential receive contributions from virtual particle loops and thus become complicated functions of several (SUSY) parameters. In addition, new quartic scalar terms are generated. This changes the tree-level mass relationships, most notably weakening the above mass bound to M h 0 130 GeV [3] . The near degeneracy relationship, M H ± ≈ M A 0 ≈ M H 0 for the large (≥ 200 GeV) mass region, is only slightly affected, resulting in mass splittings of O(10) GeV. Recently there has been much interest in the 1-loop effective potential of the MSSM with unconstrained CP violating phases [4, 5, 6, 7] . It has been shown that the mass splitting between the two heavier neutral scalars (now mixed states of CP) can be increased up to 30 GeV for large phases.
In this paper we will show that large mass splittings between the charged and neutral Higgs bosons, |M H ± − M A 0 ,H 0 | 100 GeV, are possible in the CP conserving MSSM in a previously ignored parameter space. These large splittings occur when µ is larger than the supersymmetric (SUSY) scale (defined as the arithmetic mean of the stop masses) by a factor of 4 or more. Although sizeable corrections to the tree-level mass sum rules can be implicitly found in previous works e.g. [8] , we identify the parameter space for the largest splittings and discuss the phenomenological consequences. Importantly we show that this parameter space is consistent with current experiments.
Such splittings would break the commonly assumed degeneracy relation
200 GeV, which should no longer be taken as a prediction of the MSSM. The Higgs mass spectrum of the MSSM may resemble that of a general 2HDM or other extended (SUSY) Higgs sectors with scalar singlets etc. Knowledge of the maximum possible mass splittings among the Higgs bosons in the MSSM may be crucial in distinguishing different models at future colliders. In particular, measurements of the mass splittings provide important information on the structure of the underlying Higgs sector, especially since Higgs branching ratios (BR) and cross-sections are often very similar in many popular models. Moreover, new decays channels involving H ± ,H 0 and A 0 would be open and may possess large branching ratios, thus affecting proposed MSSM Higgs search strategies at future colliders.
Our work is organized as follows. In Section 2 we outline our approach for evaluating the mass splittings. Section 3 presents our numerical results, while section 4 contains our conclusions. 
where X tb is a function of A t ,A b , M SU SY and µ. From now on we will focus on the case of µ, A t,b being real, with mention given to the case of complex phases where appropriate. It can be seen from eq. (4) that µ, A t or µ, A b ≥ 4M SU SY would overcome much of the suppression from the small coefficients, permitting λ 4 , λ 5 = O(1). From eq. (2) this would give rise to large mass differences
We note that both terms in λ 5 are positive definite and the term proportional to h For the CP even Higgs bosons one has a mass matrix M S which when diagonalized gives the mass eigenstates h 0 and H 0 . Note that the 1-loop corrected M S involves all λ i , i = 1 → 7, and its explicit form may be found in [4] . Of interest to us is the mass splitting between M H ± and M H 0 which may be given approximately by:
Recently it has been shown that the SUSY radiative corrections to the effective Yukawa couplings [9] can be important (for a review see [10] ). Such corrections comprise loops involving gluino-sbottom and chargino-stop. The modified h b has already been shown to sizeably affect b → sγ [11] , [12] , the effective H ± tb coupling [13] , and the Higgs decay h 0 → bb [14, 15] . In our analysis we shall restrict ourselves to tan β ≤ 20, which is the region where the above corrections to h b have minor impact.
Note that such large mass splittings occur more naturally in extended versions of the MSSM which include a singlet Higgs field in the superpotential e.g. [16] . In such models eq. (2) is modified to include a term ∼ λv 2 , where λ = µ/v s (v s is the vacuum expectation value of the singlet Higgs field). Thus λ = O(g w ) (i.e. gauge coupling strength) may be attained with µ = O(100) GeV, giving rise to large mass splittings.
Numerical results
We now present our numerical results for the mass splittings M H ± − M H 0 and M A − M H ± . We take two representative sets of parameters: set (A) gives large M H ± − M H 0 , and set (B) gives large
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Here all masses are in GeV; MQ 3 , Mt, Mb refer to third generation squark soft SUSY breaking masses; A t and A b are the analogous trilinear couplings. We take µ and A t,b to be real in the numerical analysis. For these values of tan β the terms ∼ h 
Note that the large value of µ taken in set (A) and (B) does not imply an unacceptably lightt 1 , since the corresponding entry in the stop mass matrix is µ cot β, which is comfortably suppressed for the assumed values of tan β. Larger values of tan β together with large µ would invariably generate values of mb 1 which are lighter than the current experimental bounds. We also require that all λ i remain in the perturbative region.
In Fig. 1 (a) and (b), we plot M H ± − M H 0 and M A − M H ± as a function of tan β for µ=4500, 4000, 3500 GeV (from above) and µ=3300, 2800, 2300 GeV (from above), respectively. For the other parameters we take the choices in (6) .
In both Figs. 1 and 2 , the line in thin typeset signifies that the corresponding mass for one oft 1 ,b 1 and M h 0 becomes smaller than the present experimental bound.
In Fig. 1(a) , we can understand the behaviour of the splittings M H ± − M H 0 from eqns. (4) and (5). In eq. (4), increasing tan β enhances the term ∼ h 2 b h 2 t which is negative in this parameter space, and thus reduces the positive λ 4 /2. λ 5 is also positive and is not so sensitive to tan β since the top quark Yukawa term dominates. However, 2λ 6 / tan β is negative and its modulus becomes smaller as tan β increases. The combined effect is as follows: for small tan β the negative term in eq. (5) cancels the positive terms and the splitting is small. As tan β increases the positive terms dominate, giving rise to large splittings. Further increases in tan β reduce the still positive λ 4 , while λ 5 remains approximately constant, which explains the descent of the curve for larger tan β. We have also checked that the splittings are relatively insensitive to variations in A b since the relevant terms are suppressed by h 4 b . One might expect that the splittings could be further increased by changing the sign of A t , which makes λ 6 positive. However it is not easy to satisfy the scalar quark mass bound with this choice in the CP conserving scenario. Larger values of µ give rise to larger splittings, which is explained in Fig. 2(a) below.
In Fig. 1(b) one can see that M A − M H ± increases with tan β, which is explained by the fact that λ 4 is decreasing (see above) and thus enhances the splitting from eq. (2). Large µ provides the largest splittings (see below).
In Fig. 2 (a) we plot M H ± − M H 0 as a function of µ/M SU SY for A t = 2000, 1900, 1800 GeV (from above). For the other parameters we take the choices in (6). In Fig. 2 (a) , we can see that µ/M SU SY 6 allows splittings M H ± − M H 0 80 GeV. Increasing A t enhances the positive contributions to λ 4 and λ 5 , which in turn enhances M H ± − M H 0 (from eq. (5)).
In Fig. 2 The magnitude of the mass splittings has important consequences for the phenomenology of the MSSM. Our results show that M H ± need not be close in mass to H 0 and A 0 , and the mass differences |M H ± − M H 0 ,A | may be as large as the analogous values in a general 2HDM or in other extended Higgs sectors. The relation M H ± ≈ M H 0 ,A for M H ± ≥ 200 GeV, which is assumed in existing phenomenological analyses, may be broken in the region of large µ/M SU SY . We stress that the large values of µ considered here do not arise in popular SUSY models, such as minimal supergravity or gauge mediated models. As discussed in [6] , in order to be compatible with electroweak symmetry breaking, such large values of µ would require the soft SUSY breaking mass parameters m 2 1 and m 2 2 to be of the order of |µ| and negative, and considerable fine-tuning is necessary.
If M H ± − M H 0 ≥ 80 GeV then the 2 body decays H ± → H 0 W ± would be open. This would offer a new discovery channel for H ± at the LHC, and one which is expected to offer a very promising signature. Ref. [17] presented a signal-background analysis showing that the background is small, and any model which allows a large BR(H ± → H 0 W ± ) would provide a very clear signal in this channel. We shall show below that such large BRs are possible in the MSSM, and consequently would aid the search for H ± at the LHC. 
which was shown to allow very large cross-sections (> 1 pb) in the case of the general 2HDM [19] . These possibilities will be pursued in a future article [20] .
In Fig. 3 we plot branching ratios (BRs) for the decay H ± → H 0 W ± as a function of tan β. This two body decay is open if M H ± − M H 0 ≥ 80 GeV, and is proportional to sin 2 (β − α). Also plotted is BR(H ± → h 0 W ± ) which ∼ cos 2 (β − α). We take the same parameters as Fig. 1 (a) [21] , which is most effective for tan β ≥ 15, or H ± → tb decays which cover the regions tan β ≤ 3 and tan β ≥ 25 [22] . We can also see that BR(H ± → h 0 W ± ), although suppressed in the decoupling limit, can be significant. The sizeable BRs shown in Fig. 3 would offer very good detection prospects in these channels [17] .
In general, the mass splittings presented here may give rise to a large contribution to the precisely measured electroweak parameter ρ. For mass splittings ≥ 20 GeV we find that the Higgs contribution is always positive and violates the δρ constraint at the 2(3)σ level for |M H ± −M H 0 ,A | ≥ 150(200) GeV. The dominant SUSY particle contribution (t−b loops) to δρ has the same sign as the Higgs contribution [23] , thus further reducing the maximum allowed value of |M H ± − M H 0 ,A |. Therefore the mass splittings |M H ± − M H 0 ,A | presented here are consistent with the δρ constraints.
Conclusions
We have shown that very large mass splittings M H ± − M H 0 ,A are possible in the MSSM. Such splittings occur in a previously ignored region of the MSSM parameter space and may exceed 100 GeV, thus strongly violating the commonly assumed degeneracy relation Fig. 1 (a) .
